Abstract-Commutation signaling is a bandwidth expanding modulation scheme that is robust to multipath induced intersymbol interference making it suitable for wireless digital communications. By using multipath diversity combining, commutation signaling exploits the time diversity that is inherent in a multipath propagation environment. This paper considers a surface acoustic wave (SAW) implementation of a commutation signaling modem for broadband indoor wireless communication. The modem employs differential encoding and a form of direct sequence spread spectrum modulation with the following specifications: data rate 40 Mb/sec, chip rate 200 MHz, and IF frequency 1 GHz. The differential coherent detector is a key element of a low cost, low complexity commutation signaling modem. A commutation signaling differential coherent detector has been implemented using SAW and RF integrated circuit (RF IC) technologies. The SAW devices have been fabricated on 128 -rotated Y-cut, X-propagating lithium niobate using approximately 1 micron line widths. RF IC technology is used to implement the high-speed bilinear multipliers needed for differential coherent detection as well as the low-impedance buffers used to drive these multipliers.
I. Introduction
L arge-scale deployment of wireless access technologies, rapid advances in personal computing and widespread access to the information superhighway are market forces stimulating a demand for tetherless and ubiquitous access to a wide range of high-speed data communication services [1] , [2] . These market forces induce a convergence of wireless communication and broadband access technologies [3] , [4] . Important classes of broadband services include multimedia applications, high-resolution document retrieval, and video teleconferencing.
This paper considers an application of SAW technology to broadband indoor wireless communications. Such systems will provide low-mobility broadband services within a local area (e.g., office building, university, hospital, etc.), demanding wide transmission bandwidths. Consequently, the millimeter wave band is considered most appropriate for this application because it is a relatively large, unused portion of the radio spectrum. The indoor radio environment is characterized by a large number of propagation paths with different delays and attenuations [5] , [6] . Therefore, the major obstacle to digital transmission at high data rates over the indoor radio channel is due to this multipath propagation phenomenon, and it is reflected as intersymbol interference (ISI).
A form of spread spectrum modulation termed commutation signaling was shown in [7] to be effective in combating multipath induced ISI. In [8] , commutation signaling implemented by SAW devices was proposed as a suitable modulation scheme for broadband indoor radio systems. SAW technology is capable of providing complex IF signal processing functions and is compatible with semiconductor microfabrication techniques. This paper describes a SAW-based commutation signaling modem for broadband indoor wireless communication. The challenge in this project was to implement a high speed SAW matched filter (correlator) for a form of direct sequence spread spectrum modulation with a chip rate of 200 MHz operating at an IF frequency of 1 GHz in order to prove the feasibility of SAW technology for this application.
This paper is organized in the following manner. Section II provides the background on commutation signaling. Section III presents the SAW-based commutation signaling modem. Section IV considers technology and implementation issues. Section V presents measurement results. Section VI presents the conclusions.
II. Commutation Signaling
The indoor radio environment can be characterized as a fading multipath channel [5] , [6] , with a delay spread ∆ in the range 10 to 120 ns [4] . This corresponds to about 2 to 20 bit intervals when considering a transport bit rate of 155 Mb/s (SONET OC-3). As a consequence, the main impairment to high-speed data transmission over the indoor radio channel is the multipath induced ISI.
Reduction of ISI can be achieved by using adaptive equalization, antenna sectorization, or antimultipath modulation. Adaptive equalization at high data rates is computationally intensive and leads to a complex receiver im-plementation. Antenna sectorization is an efficient antimultipath technique. Highly directive antennas can reduce the multipath effect; however, to maintain good coverage, many sectors are required showing that the system complexity is increased. Commutation signaling is an effective antimultipath modulation technique [7] . A combination of antenna sectorization and commutation signaling could provide adequate antimultipath performance without incurring a substantial penalty in system complexity [8] .
Commutation signaling can be realized as direct sequence spread-spectrum modulation that uses, in a cyclical manner, a number of different commutation code sequences to spread successive message bits. The commutation code set is chosen to be large enough to ensure that the channel response to any particular code sequence has vanished prior to that code sequence being reused. Furthermore, individual code sequences are chosen to have low partial cross-correlation. As a consequence, any two data bits arriving simultaneously at the receiver (by any path) will be close to orthogonal reducing the multipath induced ISI.
Consider first the transmission of a single spreadspectrum pulse over both a direct and a multipath channel. Fig. 1(a) illustrates the response of a filter matched to a single spread-spectrum pulse transmitted over a direct path. It is assumed that the spread-spectrum signal consists of a number of chips, each of duration T c . Let the transmitted signal be s(t) = u(t), 0 ≤ t ≤ T , where T is the symbol period. Because the filter is matched to the input signal, it has an impulse response h(t) = u(T − t). The output of the matched filter is given by:
where
is the autocorrelation function of u(t). Therefore, the matched filter output y(t) corresponds to a time shifted version (by T ) of the autocorrelation function R u (t). Because u(t) is a spread-spectrum waveform, its autocorrelation function is characterized by a narrow mainlobe of duration T c , surrounded by lower level sidelobes. The peak of the autocorrelation function occurs at time t = T . Fig. 1(b) illustrates the matched filter response when a single spread-spectrum pulse is transmitted over a channel with three delay paths and multipath delay spread ∆. The channel can be modeled as having the impulse response:
where α i is the attenuation factor for the signal received via the ith path and ∆ i is the propagation delay for the ith path. The output of the matched filter is then given by:
The matched filter response now contains three autocorrelation mainlobes, with relative magnitudes proportional to the strength of each path. Furthermore, the autocorrelation mainlobes are spread over the time interval [T, T +∆].
Consider now the response of the matched filter when two spread-spectrum pulses, corresponding to data symbols a 0 , a 1 , are transmitted in succession. Fig. 1(c) shows the case when the delay spread ∆ is smaller than the symbol period T (i.e., ∆ < T ). For this case, peak interlacing does not occur. The multipath peaks corresponding to each transmitted symbol can be easily combined by integrating the matched filter response over a time interval of duration ∆. Hence the transmitted symbols can be detected with little or no intersymbol interference. Furthermore, without peak interlacing, the channel multipath delays can be estimated and RAKE multipath combining can be employed [9] . Fig. 1(d) illustrates the situation when ∆ > T . In this case, interlacing of multipath peaks does occur, resulting in significant ISI. This is due to the fact that the multipath channel is still "ringing" from previously transmitted symbol(s) during the multipath combining interval for the current signal.
Commutation signaling avoids multipath peak interlacing by employing a large enough signal alphabet to ensure that the channel response to any particular transmitted signal has vanished prior to that signal being retransmitted. As a consequence, the multipath peaks associated with successive transmissions of the same commutation signal do not overlap. Furthermore, with multipath diversity combining, commutation signaling exploits the time diversity that is inherent in a multipath propagation medium. The antimultipath performance of commutation signaling depends on the channel multipath delay spread, the bandwidth expansion factor and the type of multipath combiner employed (e.g., RAKE, post detection integration, etc.). Fig. 2 is a conceptual illustration of a front-end stage for a commutation signaling demodulator. The front-end stage consists of a bank of filters, each matched to one commutation signal. For illustrative purposes, it is assumed that the commutation signal set contains four signals {u 0 (t), u 1 (t), u 2 (t), u 3 (t)}, with vanishing crosscorrelation. Each signal has the same number of T c duration chips. The transmitted data sequence is a 0 , a 1 , a 2 , . . . , with a i ± 1. It is also assumed that the multipath channel contains three paths. Each transmitted commutation signal gives rise to three distinct multipath peaks (mainlobes) over the time interval ∆ at the output of its associated filter. The width of these mainlobes is small compared to the symbol period T because of the spread spectrum na- ture of the commutation waveforms. The same transmitted signal simultaneously causes cross-correlation noise in the responses of the other matched filters. Because the signals u i (t) have minimal partial cross-correlation, the cross-correlation noise consists of low-level sidelobes only. Referring again to Fig. 2 , it is seen that, even though the multipath delay spread ∆ is greater than the symbol period T , the autocorrelation mainlobes at the output of each matched filter are not interlaced.
An obvious way of increasing the data rate over a multipath channel is to use M -ary modulation with a large M , such that the symbol duration is sufficiently large. For Mary transmission using an information rate of R bits/sec, the multipath delay spread limits the maximum transmission rate to R < log 2 M/∆. Therefore, to cope with a large ∆ without having to decrease the information rates, one needs to increase M . For a given R and ∆, the size of the signaling alphabet must be M = 2 R∆ , where x denotes the smallest integer greater than x. Thus, for M -ary modulation, the size of the signaling alphabet increases exponentially with the multipath delay spread ∆.
With M × N commutation signaling N M-ary signal sets are needed. Thus, the total number of signals required is MN. Two signals are said to be shift quasi-orthogonal if their cross-correlation is much smaller than their energy, for all time shifts. Shift quasi-orthogonality between signals in different sets is a key factor in constructing a commutation signaling scheme. The value of N is chosen to be large enough to ensure that the channel response to any particular signal set has vanished prior to that signal set being reused. Hence, N = R∆/ log 2 M , giving the total number of required signals MN = M R∆/ log 2 M . Therefore, for commutation signaling, the size of the signaling alphabet increases linearly with the multipath delay spread ∆. Because there is a direct relationship between alphabet size and implementation complexity, commutation signaling has an important advantage when technology and implementation issues are considered.
The issue of code design for commutation signaling is not the concern of this paper, and we employ suitable codes found elsewere. In [10] , a design methodology was used for constructing good commutation signal codes. Codes are selected on the basis of the following two criteria: minimal cross-correlation between codewords for all time shifts within the expected multipath delay spread, and an error probability performance degradation of not more than 3 dB when compared with ideal twofold diversity over a Rayleigh fading channel.
III. A SAW-Based Commutation Signaling Modem
A commutation signaling scheme that uses binary differential phase shift keying (DPSK) and differential coherent detection was considered for broadband indoor wireless systems [8] , [10] . With this technique carrier phase, tracking is not necessary at the receiver. Another important advantage of DPSK commutation signaling is that it reduces cross-correlation noise when short spreading sequences are used. Fig. 3 presents the block diagram for a commutation signaling DPSK modulator. The original data sequence a(k) = ±1 is differentially encoded into
Thus, phase transitions between successive encoded data bits represent the original data sequence. Each encoded data bit is then modulated by a commutation signaling codeword. The commutation signaling codewords are bandwidth spreading sequences cho- sen from the following codebook of size three and length five: {01101, 01111, 10001}. Fig. 4 presents the block diagram of the commutation signaling DPSK demodulator. The input is derived from the IF stage of the receiver. A key element of the demodulator is the differential coherent detector because it performs matched filtering and differentially coherent demodulation of the received signal. Each of the differential coherent detector output, corresponding to a commutation waveform, is connected to a multipath combiner. Each such output contains narrow autocorrelation mainlobes that are summed by the multipath combiner to obtain diversity gains. The output of each multipath combiner is sampled, and a decision is made about whether a binary 0 or 1 was transmitted. The demodulated data from all three multipath combiners is then multiplexed into a serial bit stream.
In [11] , the generalized likelihood (GL) principle was used to derive the optimal receiver for a multipath fading channel. The GL approach combines channel estimation with data detection and does not require an a priori channel model. It is shown in [11] that the GL principle yields an equal gain combining receiver, whose decision variables with spread-spectrum signaling are given in complex en- velope form by:
where Z m denotes the mth decision variable, I denotes the number of delayed paths in the channel impulse response, T 0 denotes the observation interval,r(t) denotes the complex envelope of the received signal,s m (t) denotes the complex envelope of the mth wideband transmitted signal, andτ i denotes the maximum likelihood estimate of the propagation delay for the ith delayed path. The GL receiver compares the value of Z m against a fixed threshold and makes a decision in the favor of the maximum. From (5) it is seen that, with this detection technique, only the multipath delays need to be estimated. Fig. 5 presents the structure that implements (5) . It consists of a matched filter followed by a square-law device, a fixed time-delay module T D , and a RAKE receiver. The purpose of the time-delay module is to allow the estimation of the channel path delays. Each path produces a corresponding peak in the matched filter output. The channel estimator determines the path delays by locating the position of these multipath peaks. The path delay estimatesτ 0 ,τ 1 , . . . ,τ I−1 are then used to activate the appropriate taps of the RAKE receiver in order to combine (sum together) the multipath peaks. The output of the equal weight RAKE combiner is sampled at the instant when the multipath peaks are aligned.
The decision variables for a GL receiver that uses commutation signaling and differential decoding can be derived from (5) and are given by [11] : In (6),ũ m−1 (t) andũ m (t) represent the complex baseband versions of the (m − 1)th and mth commutation signaling waveforms. Fig. 6 illustrates the front-end of a GL receiver that forms the decision variable given by (6) . The frontend consists of a pair of matched filters, delay and complex conjugation units, complex multipliers, and a block that extracts the real part of a complex signal. The GL receiver front-end performs matched filtering and differential coherent detection of the received signal. Fig. 7 presents the structure of the SAW-based commutation signaling differential coherent detector. This structure uses a passband version of the GL receiver front-end shown in Fig. 6 . SAW technology is used to implement IF signal processing functions, specifically, correlation and delay. RF IC technology is used to implement the high-speed bilinear multipliers needed for differential coherent detection as well as the low-impedance buffers used to drive the multipliers. The low-impedance buffers help reduce spurious reflections caused by the SAW device metal film interdigital transducers (IDTs).
For differentially encoded binary commutation signaling that uses N commutation waveforms, the differential coherent detector consists of a bank of N SAW matched filters, N SAW delay lines and N bilinear multipliers. Each SAW filter is matched to one of the commutation signals. Differentially coherent detection is achieved by multiplying the output of one matched filter by the delayed (by symbol period T ) output of the matched filter corresponding to the previously transmitted symbol. The low pass filters shown explicitly in Fig. 7 are sometimes contained within the multipath combiners, and their purpose is to remove the double frequency component after multiplication. Sections IV and V elaborate on SAW implementation and measurements of the phase coded matched filters that are key elements in this high speed modem.
IV. Technology and Implementation
The applicability of SAW technology to the generation and detection of binary phase shift keyed (BPSK) and spread spectrum waveforms is well known [12] , [18] . The challenge in our project was to design SAW devices at a center frequency of 1 GHz for correlation at a speed of 200 MHz (i.e., fractional bandwidth of 20%). Furthermore, a three channel correlator for three different codes, including delay elements, was needed for the commutation signaling modem, and all this had to be built on a single substrate. This is rather different than the structure presented in [18] where only a single channel was needed for a conventional spread spectrum system. Fig. 8 presents the structure of a phase-coded SAW device for correlation of a 01101 code. The input IDT is uniform with length vT c , where v is the SAW velocity and T c is the chip duration. The output IDT consists of an array of short uniform transducers (taps) that are connected to two bus bars. The separation between output taps corresponds to one chip period sampled by the input IDT. The taps are coded by phase-reversing connections to the bus bars. Fig. 8 also shows the response of the output IDT when excited by a rectangular acoustic pulse of one chip duration. This rectangular pulse propagates along the coded transducer and exits each tap in sequence producing the coded waveform. The rectangular acoustic pulse is generated by electrical impulse excitation of the input IDT. The impulse response of the SAW matched filter is a time-reversed replica of the BPSK sequence corresponding to code 01101.
Various SAW IDT structures can be used to implement the matched filters and delay lines shown in Fig. 7 . A wideband scheme for N = 3 and M = 5 is illustrated in Fig. 9 . This embodiment uses a matched filter pair structure consisting of narrowband input IDTs and wideband tapped coded output IDTs. The scheme shown in Fig. 9 consists of three matched filter pairs, each having two narrowband input IDTs and two wideband tapped coded output IDTs. A coded output IDT has five taps, corresponding to the number of chips in the commutation codeword. Ideally, each matched filter pair provides identical outputs that are delayed in time by one symbol period T s = 25 ns. The separation between taps in each coded output IDT corresponds to one chip period sampled by the input IDT. The taps have a uniform spacing vT c , where v is the SAW velocity and T c = 5 ns is the chip duration. These taps are identical except that some are inverted according to the code. The output IDTs in each matched filter pair are separated by distance vT s , where T s = 25 ns is the symbol time.
A narrow band embodiment for N = 3 and M = 5 is presented in Fig. 10 . This scheme employs a matched filter pair structure consisting of wideband input IDTs and narrowband coded output IDTs. Each matched filter pair has two wideband input IDTs and two narrowband phasecoded output IDTs. The fingers in each output IDT sample the impulse response of the corresponding phase-coded waveform. Phase reversals occur at intervals vT c . The output IDTs in each matched filter pair are separated by distance vT s . Thus, each matched filter pair ideally provides two identical outputs, of which one is delayed by a symbol period. Fig. 11 illustrates the die layout for the phase-coded SAW matched filter bank. The die size is 2.5 mm×7.5 mm, and the substrate is 128
• -rotated Y-cut, X-propagating lithium niobate. This substrate was chosen because of its weak coupling to bulk acoustic waves, its high velocity, and its high piezoelectric coupling coefficient. The matched filter input and output transducer patterns, bus bars, and connecting pads were defined on the surface of the substrate using conventional photolithography techniques. The smallest dimension on the photomask is the interdigital finger width (approximately 1 micron at 1 GHz). The transducers were fabricated using three different metallization systems: 1000Å thick aluminum film, 400Å thick aluminum film, and 400Å thick gold film. To facilitate metal film adhesion, a thin layer (approximately 100Å) of titanium was first deposited on the lithium niobate substrate. Due to lithographic fabrication limitations, the IDTs are of the "single-electrode" type, with interdigital electrode width and spacing of approximately 1 micron. A "doubleelectrode" type could reduce some second order effects, but this technique requires a larger spacing resulting in a reduced center frequency and bandwidth for the same line width.
The low-Z buffers and multipliers, shown in Fig. 7 , are integrated in a custom RF IC. The block diagram for the buffer-multiplier (BUFMULT) integrated circuit is shown in Fig. 12 . It consists of six input buffer amplifiers (A1-A6), three multipliers (M1-M3) and three output buffer amplifiers (B1-B3). The purpose of the BUFMULT is to amplify and multiply the outputs from each SAW matched filter pair. In the commutation signaling DPSK demodulator, each buffer amplifier output is connected to the input of a multipath combiner. The input amplifiers are transimpedance amplifiers with a transimpedance of 250 ohms and an input impedance of 10 ohms. Low input impedance is necessary to minimize multiple transit reflections in the SAW device. The multipliers are four-quadrant bilinear tree multipliers with scaling constants of 20. The output buffers have a gain of 0.5 V/V when driving off-chip to a 50 ohm load (25 ohms/side, differential).
A photograph of the differential coherent detector designer test (DT) module is shown in Fig. 13 . The DT module implements a bandpass version of the GL receiver front end from Fig. 6 . The DT module is composed of the SAW matched filter and BUFMULT dice mounted in a 14-pin gold DIP. A microwave chip capacitor is used to filter the power supply lines to the BUFMULT die. The size of the SAW die is 2.5 mm × 7.5 mm, and the size of the BUF-MULT die is 1.5 mm × 2.5 mm. Bond wires are used to interconnect the two dice, the chip capacitor, and the pins of the gold DIP. The SAW die was fabricated using Nortel's SAW fabrication process, and the BUFMULT die was fabricated using Nortel's NT25 high-speed silicon bipolar process. 
V. Measurement Results and Comparison with Theory
The impulse response of a matched filter is a timereversed replica of the expected received signal (e.g., commutation waveform). With bandwidth expanding signals, matched filters are pulse compression filters because the output signal consists of a time-compressed main lobe surrounded by sidelobes. Minimizing these sidelobes is a common design criterion for matched filters for bandwidth expanding signals. Hence, their performance is often evaluated on the basis of time-domain measurements. The differential coherent detector employs phase-coded SAW devices for matched filtering, and this section considers their performance. Both narrowband and wideband devices are considered. The effect of the three different metallization systems on performance is also discussed. SAW device time and frequency measurements are compared with ideal theoretical predictions (neglecting second order effects) based on the Tancrell and Holland delta-function model [13] . Then, a discussion of second-order effects is included. This section also presents measurement results for the differential coherent detector DT module.
A. Matched Filter Evaluation
A block diagram of the measurement system used to evaluate matched filter time-domain performance is shown in Fig. 14 . The measurement set-up consists of: a highspeed pulse generator, a SAW code generator module, the SAW matched filter module (DUT), and a wide-bandwidth digital sampling oscilloscope. Source and load 50 ohm terminations were used. The SAW code generator produces the phase-coded sequence needed for driving the SAW matched filter. Both SAW modules employ microwave amplifiers to compensate for the insertion loss of the individual devices. Due to the wide-bandwidth nature of the signals employed, no attempt was made to match the SAW devices. The pulse generator produces a 500 ps wide pulse (one half cycle at 1 GHz) to stimulate the impulse response (representing one 5-chip codeword) of the code generator The theoretical plots were created using MATLAB computer simulations based on the Tancrell and Holland deltafunction model [13] . The peak-to-maximum-sidelobe ratio, defined as the ratio of the main lobe amplitude to the maximum sidelobe amplitude in decibels was used as a criterion. Comparison of the theoretical and measured waveforms in Fig. 15 shows that the difference between the theoretical and measured peak-to-maximum-sidelobe ratios is 3.8 dB in the case of the wideband design Fig. 15(a) , and 6.5 dB in the case of the narrowband design Fig. 15(b) . This is attributed to second-order effects that are not taken into account by the delta-function model.
The input and output transducers of a SAW device consist of interdigital metal fingers connected to common bus bars. At each metal electrode edge, the acoustic surface wave encounters a discontinuity in the propagation medium. This discontinuity causes part of the surface wave to be reflected. The metal electrodes affect both the velocity of propagation of the surface acoustic wave as well as the characteristic impedance of the propagation medium. The effect of these finger reflections is to introduce distortions in the time-domain response of the device. As a consequence, the SAW filter is no longer perfectly matched to the received waveform. Therefore, the experimentally measured matched filter output deviates from the theoretical autocorrelation function.
In order to investigate the differences between the theoretical and measured output responses in Fig. 15 , it is necessary to analyze actual SAW device impulse response measurements. These measurements are shown in Figs. 16 and 17 together with measured and calculated autocorrelation responses for wideband and narrowband devices. The calculated autocorrelation response was obtained by calculating the convolution of the measured impulse responses for the code generator and matched filter SAWs. The calculated response is in good agreement with the measured response for both types of devices. Thus, by investigating the cause of the distortions in the measured impulse responses, it is possible to understand the differences between the theoretical and measured output responses in Fig. 15 .
The impulse response measurements exhibit two main types of distortion: a definite taper (amplitude droop) over the duration of the impulse response, and significant trailing energy after the main pulse. The amplitude droop is more pronounced for the narrowband devices (Fig. 17) than for the wideband devices (Fig. 16) . In [14] , similar types of distortion were observed for the impulse responses of phase-coded SAW correlators fabricated using aluminum metallization on lithium niobate. The authors concluded that the major contribution to the observed distortions was acoustic mismatch at the electrode discontinuities (i.e., finger reflections). Most other effects, including electro-acoustic regeneration, were shown to be small compared to those due to finger reflections. The narrowband devices use more fingers in the coded transducer than the wideband devices do, hence the effects of finger reflection are more pronounced.
C. Metallization Effects
The problem of acoustic reflections at interdigital electrode edges can be solved by using an IDT structure consisting of "double-electrodes". However, this requires higher photolithography resolution and, hence, imposes an upper limit on the frequency range of the SAW devices. Another approach to suppressing acoustic reflections in single-electrode IDT structures is based on the observation that, for certain types of metal/substrate combinations, an anomalous reflection phenomenon exists. For some metal/substrate combinations, [15] shows that the magnitude of the reflection coefficient, as a function of increasing metal-thickness-to-wavelength ratio (h/λ), first decreases and then increases after reaching a minimum. By choosing the appropriate h/λ, internal IDT reflections are minimized.
For the short-circuited metal grating, the reflection coefficient of a single strip in the grating can be expressed by [15] , [17] :
where h is the strip thickness, λ is the wavelength at the center frequency, R m (h/λ) is the contribution due to mechanical (mass and elastic stress) loading, and R e is the contribution due to piezoelectric shorting. The parameter R e is always negative; R m can be either positive or negative and is dependent on the material characteristics of the metal and substrate. Hence a minimum, even zero, reflection coefficient could be achieved by optimizing h/λ [15] , [17] . In order to investigate experimentally the effect of metallization type on matched filter performance, devices were fabricated using 400Å thick aluminum film, 1000Å thick aluminum film, and 400Å thick gold film, on 128
• YX lithium niobite. It should be noted that SAW fabrication process variations and cleanliness become more critical as the film thickness decreases. 400Å aluminum, (middle) 1000Å aluminum, and (lower) 400Å gold. The measured peak-to-left-sidelobe and peakto-right-sidelobe ratios are also indicated. For the three devices, there was little difference in the value of the peakto-left-sidelobe ratio. The distinguishing difference among the measured responses is the appearance of the trailing sidelobes. Distortion of the trailing sidelobes is typical of phase-coded SAW correlators [14] , [16] . As discussed previously, acoustic reflections at the metal electrode edges due to mechanical loading and piezoelectric shorting are the major cause of this distortion. Because all three devices use the same interdigital transducer pattern, the effect of piezoelectric shorting on the appearance of the trailing sidelobes should be similar. It is concluded, therefore, that the distinguishing differences among the measured responses of the three devices result from mechanical loading. The 400Å aluminum device appears to have the best overall performance, which, however, is very close to performances of the 1000Å aluminium and 400Å gold devices. sured (solid curve), theoretical (dashed curve), and calculated (dash-dot curve) frequency response plots are shown for the 400Å aluminum device Fig. 19(a) , the 1000Å aluminum device Fig. 19(b) , and the 400Å gold device Fig. 19(c) . Theoretical and calculated frequency responses were created by using an FFT algorithm to transform the delta-function model and measured impulse response coefficients, respectively. The experimental frequency response data (601 points covering a 600 MHz frequency span) was obtained by means of a vector network analyzer (VNA). The theoretical frequency response curves have been shifted to compensate for the small center frequency deviation of the actual SAW devices. As expected, the 1000Å aluminum device operates at a slightly lower center frequency than the 400Å aluminum device, and the 400Å gold device operates at the lowest center frequency of all due to the mass loading effect. The deviation between the measured and theoretical frequency response curves is due to a combination of second-order effects (electromagnetic feed-through, finger reflections, and triple transit interference). The rms magnitude error (i.e., the difference between the measured and the shifted theoretical frequency response) is 0.083 for the 400Å aluminum device, 0.093 for the 1000Å aluminum device, and 0.147 for the 400Å gold device. Also in this case, the 400Å aluminum device only slightly outperforms the other two.
The reason that all these metallization types give such a close performance can be explained by recalling that (7) is only an approximation [15] , because:
• An "equivalent isotropic medium" was assumed. This is defined in [15] as a medium that possesses the same mass density as the actual substrate, its Poisson ratio is chosen by fitting the reflectivity of a groove grating with experimental results, and it possesses the same piezoelectric and dialectric tensors as the actual substrate.
• The effect of piezoelectric regeneration was neglected because a short-circuit grating was assumed.
Chen and Wang [17] extend the Chen and Haus work [15] to an anisotropic medium, showing that R m is actually a complex number. This means that the contribution to the reflection coefficient due to mechanical loading is not exactly in phase with the contribution due to the piezoelectric shorting. Consequently, the magnitude of the reflection coefficient cannot be made exactly zero, resulting in trailing sidelobes in the autocorrelation. In our scheme, these effects on the detector output are reduced by the differential coherent detection process.
D. Differential Coherent Detector
An important benefit of differentially encoded binary commutation signaling is that it reduces the sidelobe level of the signal applied to the RAKE receiver [8] . Fig. 20 presents an experimental confirmation of the sidelobe reduction that occurs at the output of the differential coher- ent detector as a result of the multiplication. Three waveforms are shown in Fig. 20 . The top waveform corresponds to the delayed output of matched filter #1 (matched to commutation codeword 10001). The middle waveform corresponds to the output of matched filter #2 (matched to commutation codeword 01111). The bottom waveform corresponds to the low-pass filtered output of the differential coherent detector. The measurements in Fig. 20 were obtained by applying a signal consisting of a continuous repetition of the three commutation codewords 100010111101101 to the input of the differential coherent detector. The peaks at the output of the differential coherent detector are spaced 75 ns apart (3 symbol periods).
The signal obtained at the output of the differential coherent detector contains smaller sidelobes when compared with the signals obtained at the output of each matched filter confirming the predictions in [8] . The differential coherent detector output is obtained by multiplying the delayed output of matched filter #1 by the output of matched filter #2. The resultant signal is then low-pass filtered. The signals at the output of each matched filter have their mainlobes located at the same position in time. The sidelobes, however, are spread over different locations in time. Therefore, after multiplication, the mainlobes are enhanced and the sidelobes are reduced. The net sidelobe reduction is clearly evident in Fig. 20 . Therefore, differentially encoding the data, and the use of differential detectors following the SAW matched filters, tends to reduce the autocorrelation sidelobes that could be high due to the short sequence length and SAW technology limitations.
VI. Conclusions
This paper has described a SAW-based commutation signaling modem for broadband indoor wireless communication. This system employs binary differential encoding, bandwidth spreading by phase shift keying, and differential coherent detection. Short spreading sequences (5 chips/bit) are used to combat multipath induced intersymbol interference. The differential coherent detector is a key element of the modem because it performs matched filtering and differentially coherent demodulation. An important advantage of this technique is that it reduces correlation noise when short spreading sequences are used. For spreading sequences of length 5 chips/bit, it was observed that the signal obtained at the output of the differential coherent detector contained smaller sidelobes when compared with the signals obtained at the output of each matched filter.
Phase-coded SAW devices are used in the differential coherent detector for matched filtering and delay. Two IDT structures were tested: a structure that uses wideband tapped output IDTs (i.e., a wideband structure), and a structure that uses narrowband coded output IDTs (i.e., a narrowband structure). Due to photolithography limitations, the IDTs are of the "single electrode" type. Experimentally the measured impulse response of the SAW de- vices exhibited two main types of distortion: a definite taper (amplitude droop) over the duration of the impulse response, and significant trailing energy after the main pulse. It was concluded that acoustic reflections at the metal electrode edges are the major cause of these distortions. The devices that employ a wideband structure had the best overall performance. An important effect of acoustic mismatch is to reduce the peak-to-maximum-sidelobe ratio of the matched filter autocorrelation response.
In order to investigate experimentally the effect of different metal systems on filter performance, devices were fabricated using 400Å thick aluminum film, 1000Å thick aluminum film, and 400Å thick gold film. The different metallization types did not significantly affect device performance. The 400Å aluminum devices had slightly better performance. Wideband devices were chosen to implement the SAW matched filters in the differential coherent detector. The matched filter performance was satisfactory to demonstrate the feasibility of a SAW-based differential coherent detector operating at a bit rate of 40 Mb/s, a chip rate of 200 MHz, and an IF frequency of 1 Ghz [19] .
